Elevated levels of c-glutamyltransferase (GGT) have been associated with elevated blood pressure (BP) and diabetes. However, the causality of these relations has not been addressed. The authors performed a crosssectional analysis (2003)(2004)(2005)(2006) among 4,360 participants from the population-based Cohorte Lausannoise (CoLaus) Study (Lausanne, Switzerland). The rs2017869 variant of the c-glutamyltransferase 1 (GGT1) gene, which explained 1.6% of the variance in GGT levels, was used as an instrument for Mendelian randomization (MR). Sex-specific GGT quartiles were strongly associated with both systolic and diastolic BP (all P 's < 0.0001). After multivariable adjustment, these relations were attenuated but remained significant. Using MR, the authors observed no positive association of GGT with BP (systolic: b À5.68, 95% confidence interval (CI): À11.51, 0.16 (P ¼ 0.06); diastolic: b ¼ À2.24, 95% CI: À5.98, 1.49 (P ¼ 0.24)). The association of GGT with insulin was also attenuated after multivariable adjustment but persisted in the fully adjusted model (b ¼ 0.07, 95% CI: 0.04, 0.09; P < 0.0001). Using MR, the authors also observed a positive association of GGT with insulin (b ¼ 0.19, 95% CI: 0.01, 0.37; P ¼ 0.04). In conclusion, the authors found evidence for a direct causal relation of GGT with fasting insulin but not with BP.
Many studies have shown that persons with elevated levels of c-glutamyltransferase (GGT) have higher levels of blood pressure and insulin and higher prevalences of diabetes and hypertension (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Although these relations have been found to persist after adjustment for a variable number of covariates, significant attenuation usually occurs. Nevertheless, these findings have been interpreted as 1 piece of evidence for the involvement of fatty liver disease and oxidative stress in the pathogenesis of hypertension and type 2 diabetes mellitus (15) .
However, we are not aware of any study that has investigated whether these significant relations are truly causal or are due to residual confounding. Evidence for a causal relation would provide important epidemiologic confirmation of prior basic scientific findings about the involvement of oxidative stress in the pathogenesis of insulin resistance, type 2 diabetes mellitus, and blood pressure elevation (15, 16) . A randomized trial showing that selectively lowering GGT levels also lowers blood pressure and insulin levels would support a causal relation, but such a trial is currently unavailable, and other ways to establish causality are needed.
Mendelian randomization refers to the random allocation of alleles at the time of gamete formation (17, 18) . Such allocation is expected to be independent of any behavioral and environmental factors (known or unknown), usually allowing analysis of largely unconfounded risk associations that are not due to reverse causation (17) (18) (19) . Therefore, to assess the potential causal role of GGT in the pathogenesis of blood pressure elevation and insulin resistance, we performed a Mendelian randomization analysis of blood pressure and fasting insulin in a population-based cohort study.
MATERIALS AND METHODS
All subjects were participants in the Cohorte Lausannoise (CoLaus) Study, an ongoing population-based cohort study. Recruitment of the study population has been described in detail previously (20) . Briefly, a complete list of the inhabitants of Lausanne, Switzerland, aged 35-75 years (n ¼ 56,694) was provided by staff of the city's population registry. Subjects were selected using a simple, nonstratified random selection approach. In total, a random sample of 35% of the overall population was drawn. Recruitment began in June 2003 and ended in May 2006 (20) . The study was approved by the ethics committee of the University of Lausanne, and written informed consent was obtained from participants before data collection. Only Caucasian subjects were included. For the present analysis, we excluded all participants with missing values for GGT (n ¼ 12), blood pressure (n ¼ 5), insulin (n ¼ 727), or the genetic polymorphism used as the instrumental variable (n ¼ 1,084).
Data were collected by trained field interviewers. Seated blood pressure was measured 3 times on the left arm with an appropriate-sized cuff and after at least 10 minutes of rest, using a validated Omron HEM-907 automated oscillometric sphygmomanometer (Matsusaka Company Ltd., Matsusaka, Japan) (21) . The average of the last 2 measurements was used for all blood-pressure-related analyses. Percent fat mass (in percentage of total body weight) was assessed by electrical bioimpedance after a 5-minute rest using the Bodystat 1,500 body mass analyzer (Bodystat Ltd., Isle of Man, United Kingdom), as described in detail previously (22) .
Venous blood samples were drawn after an overnight fast. Most clinical chemistry assays were performed by the CHUV Clinical Laboratory (University of Lausanne) on fresh blood samples. Adiponectin and insulin levels were measured by Pathway Diagnostics Corporation (Los Angeles, California). Insulin was assayed using a solid-phase, 2-site chemiluminescent immunometric assay with a maximum intraassay coefficient of variation of 13.7% (Diagnostic Products Corporation, Los Angeles, California). GGT was assayed using an optimized standard method (Roche Diagnostics, Basel, Switzerland) with maximum inter-and intrabatch coefficients of variation of 1.6% and 0.4%, respectively. Details on all measurements performed in the CoLaus study have been published previously (20) .
Nuclear DNA was extracted from whole blood. Genotyping was performed using the Affymetrix 500 K single nucleotide polymorphism (SNP) chip, as recommended by the manufacturer (Affymetrix, Inc., Santa Clara, California). Persons with less than 95% genotyping efficiency overall (or <90% efficiency on either array; n ¼ 399) and persons with possible gender inconsistencies (n ¼ 5) were removed. Monomorphic SNPs with less than 70% genotyping efficiency, with a minor allele frequency less than 1%, and/or not in Hardy-Weinberg proportions were excluded from the analyses. Twenty-seven SNPs were located in and around the c-glutamyltransferase 1 (GGT1) gene (6100 kilobases) and were therefore considered for the present analysis.
Baseline characteristics were compared across sexspecific GGT quartiles using Kruskal-Wallis tests for continuous variables and chi-squared tests for categorical variables. We used multivariable linear regression analyses to compare blood pressure and insulin levels across quartiles of GGT and to adjust for potential confounders. In a first step, crude models were adjusted for age and sex. Subsequently, body mass index (weight (kg)/height (m) 2 ), alcohol consumption, and smoking were added to the models. We then performed a stepwise selection procedure, to choose relevant covariates among a wide range of potential confounders. Covariates from prior models were forced into the models. For simplicity, covariates selected for systolic blood pressure models were also used for diastolic blood pressure, with the exception of age squared, which was added to the diastolic blood pressure models. For all analyses, data on insulin and other biomarkers were log-transformed to improve the normality of the residuals, as well as the linearity of their associations.
To explore the potential causal effect of GGT on blood pressure or insulin, we applied a Mendelian randomization approach using instrumental variables. In a first stage, we regressed GGT on our instrument (genotypes at rs2017869), which was the SNP explaining the largest proportion of GGT variance in our sample (1.64%). In a second stage, we regressed the response of interest (e.g., systolic blood pressure, diastolic blood pressure, or insulin) on the fitted values from the first-stage regression, referred to hereafter as ''explained'' GGT. The regression coefficient associated with explained GGT in this second stage can be interpreted as a causal effect of GGT on the response, provided that the instrument is correlated with GGT and that the instrument has no effect on the response other than its effect through GGT. We ensured that the instrument was sufficiently strong by checking that the F value obtained in the first-stage regression was greater than 10 (23). The second assumption cannot be verified from the data, but in our case, it is unlikely that the GGT1 gene affects either blood pressure or insulin independently of GGT. We analyzed the association of rs2017869 with all potential confounders using 1-way analysis of variance or chi-squared tests and found no significant relations, as shown in Appendix Table 1 . For each association of interest, we conducted both ordinary least squares (OLS) regression and 2-stage least squares (2SLS) regression, using the ivregress function in Stata (Stata Corporation, College Station, Texas). We compared OLS and 2SLS estimates using the Durbin-Hausman test (24) . Whenever appropriate, we also explored whether the significant interactions found using OLS were confirmed using 2SLS.
We performed tests for linear trend by assigning to each participant the sex-specific median of the GGT quartile to which he or she belonged. Effect modification was assessed using multiplicative interaction terms. All statistical analyses were performed using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina), or Stata, version 10.1. A 2-tailed P value less than 0.05 was prespecified to indicate statistical significance.
RESULTS
In total, 4,360 participants were included in the present analysis. Of those, 2,270 (52.1%) were female. Baseline characteristics are shown in Table 1 according to sexspecific GGT quartile. With increasing levels of GGT, participants were significantly older, had a higher body mass index, more often had diabetes or hypertension, and had a less favorable lipid profile. They also consumed more alcohol, as evidenced by higher levels of carbohydratedeficient transferring (Table 1) , and had higher levels of C-reactive protein, uric acid, and total protein.
Systolic and diastolic blood pressures increased from median values of 121 mm Hg and 76 mm Hg, respectively, in the lowest GGT quartile to 133 mm Hg and 82 mm Hg, respectively, in the highest GGT quartile (Table 1) . After adjustment for age and sex, these relations were significantly attenuated, but a highly significant trend persisted ( Table 2 ). In the fully adjusted model, the increases in systolic and diastolic blood pressure were reduced to 1.0 mm Hg, 1.3 mm Hg, and 2.2 mm Hg (P for linear trend ¼ 0.005) and 0.9 mm Hg, 1.0 mm Hg, and 1.2 mm Hg (P for linear trend ¼ 0.08) in the second, third, and fourth GGT quartiles, respectively.
Median insulin levels are also shown in Table 1 according to GGT quartile. Age and sex adjustment did not influence much the highly significant gradient observed across GGT quartiles (Table 3) . By contrast, additional adjustment for body mass index, alcohol, and smoking substantially attenuated these relations (Table 3 ). Sensitivity analyses showed that this attenuation was exclusively due to the effect of body mass index. Additional adjustment further attenuated the gradual increase in insulin levels across GGT quartiles. Nevertheless, a highly significant gradient of insulin levels across GGT quartiles persisted even in the fully adjusted model (Table 3 ). In the primary analyses, diabetes and antidiabetic treatment were not considered for the multivariable insulin models because of potential overadjustment and the statistical ''noise'' induced by the effect of treatment on insulin levels. However, forcing these variables into the multivariable models did not significantly change our results (data not shown).
Results of selected subgroup analyses are shown in Appendix Table 2 . Associations between blood pressure and GGT were consistent across different strata of sex, body mass index, and alcohol consumption. A significant relation between blood pressure and GGT was evident in persons younger than age 55 years but not among older persons. Accordingly, the multiplicative interaction test with age was highly significant for both systolic (P ¼ 0.001) and diastolic (P < 0.0001) blood pressure. With regard to insulin, consistent findings were obtained across different strata of age, sex, and alcohol consumption. By contrast, the highly significant relation between GGT and insulin was seen only among persons with a body mass index of at least 25, not among leaner persons. Accordingly, the GGT 3 body mass index interaction was highly statistically significant (P < 0.0001).
The frequency of the rs2017869 variant did not deviate significantly from Hardy-Weinberg proportions (P ¼ 0.73), and genotype frequencies are shown in Table 1 . Median GGT levels were 20 U/L (interquartile range, 14-32), 23 U/L (interquartile range, 15-36), and 25 U/L (interquartile range, 18-42) for the GG, GC, and CC genotypes, respectively (P < 0.0001). The rs2017869 variant was an appropriate instrumental variable (F ¼ 72.87 in the first-stage regression). The strong positive association between GGT and systolic blood pressure in crude OLS analyses (b ¼ 7.75, P < 0.001) was not confirmed using 2SLS (b ¼ À2.78, P ¼ 0.389). The OLS coefficient differed significantly from the 2SLS coefficient, regardless of the adjustment procedure used ( Table 4 ). Because of the significant age 3 log GGT interaction in OLS analyses, we also present results stratified by age group. This age 3 log GGT interaction was not significant in 2SLS analyses (P ¼ 0.055). These results provide some evidence against a positive causal relation between systolic blood pressure and GGT. Similar results and conclusions were obtained for diastolic blood pressure (data not shown).
By contrast, the positive association of GGT with fasting insulin in crude OLS analyses (b ¼ 0.25, P < 0.0001) was confirmed using 2SLS (b ¼ 0.20, P ¼ 0.034). There was no significant difference between the 2 coefficients (P ¼ 0.637) ( Table 5 ). Whereas various adjustment procedures strongly attenuated the OLS association of GGT with fasting insulin levels, we observed no such effect with the 2SLS coefficient. Our results are compatible with a direct causal effect of GGT on fasting insulin, used as a proxy for insulin resistance. Results were similar in men and women (data not shown). Unlike what was found for the OLS analysis, there was no GGT 3 body mass index interaction in the 2SLS analysis (P ¼ 0.814), which suggests that any causal effect is similar in lean and overweight participants. The rs2017869 variant was a much better instrument in the absence of regular alcohol consumption. In that group, a significant Mendelian randomization coefficient could be established, suggesting that GGT also plays a causal role in persons who abstain from alcohol consumption.
DISCUSSION
In population-based genetic association studies, random allocation of genetic variants from parents to offspring at conception is expected to be independent of any known or unknown behavioral and environmental factors, usually allowing the analysis of largely unconfounded risk associations, similar to a randomized trial in many ways (17, 18) . This random association is usually referred to as Mendelian randomization. Using a Mendelian randomization approach, we found convincing evidence that GGT levels were causally associated with fasting insulin, which represents an indirect measure of insulin resistance. The relation of genetically explained GGT with insulin was similar in men and women and was particularly strong among participants who reported not drinking alcohol regularly.
While we were able to confirm the results of prior studies showing a strong positive association between GGT and insulin levels (25) (26) (27) , this ''nongenetic'' association was substantially attenuated by adjustment for potential confounders. By contrast, the coefficient obtained from the instrumental-variable approach was barely affected by various adjustment procedures, consistent with the notion that genetically explained GGT levels should not be confounded. Similarly, the instrumental-variable approach did not confirm the significant GGT 3 body mass index interaction of the OLS analysis, which suggests that this interaction is due to confounding effects. Our results are therefore in line with prospective studies showing that GGT levels predict incident type 2 diabetes mellitus (1-9). Remarkably, we also found that the coefficient for insulin obtained from the instrumental-variable approach was larger than the fully adjusted ''nongenetic'' coefficient (Table 5) , potentially reflecting adverse effects of lifelong elevations in GGT levels. Similar to what was found for insulin, various adjustment procedures led to a dramatic decrease in the strength of the nongenetic association between GGT and blood pressure. Nevertheless, we confirmed results of prior studies showing a ''nongenetic'' positive association of GGT with blood pressure and hypertension (1, (10) (11) (12) (13) (14) . However, in contrast to the insulin results, no evidence for a direct causal role of GGT in blood pressure control emerged in the genetic instrument analysis. These results suggest that the previously reported association of GGT levels with incident hypertension is not causal but most likely due to residual confounding.
Our results are in line with recent experimental findings linking oxidative stress to insulin resistance (28, 29). GGT expression is induced by oxidative stress (30), and GGT deficiency leads to an increase in oxidative stress (31). In animal models, dysregulated glutathione metabolism is associated with impaired insulin action in adipocytes (32). Reactive oxygen species are increased in cellular models of insulin resistance, and a treatment designed to alter levels of reactive oxygen species was found to improve insulin sensitivity and glucose homeostasis in insulin-resistant mice (15) . Overall, these recent results strongly support the hypothesis that dysregulation of antioxidant enzymes could lead to dysfunction of adipocytes, including insulin resistance.
In prior studies, researchers have consistently reported an increased incidence of cardiovascular mortality (33, 34) and all-cause mortality (35-37) among persons with elevated GGT levels. For example, in a cohort study of 163,944 Austrian adults with a 17-year follow-up period, GGT levels were associated with a 60% increase in cardiovascular mortality (33). In the Third National Health and Nutrition Examination Survey, GGT was associated with a 50% increase in all-cause mortality and a 2.4-fold increased risk of diabetes-related mortality (35). Such associations were not observed for other liver enzymes, suggesting that the observed relations for GGT are not just due to diffuse liver pathology. Our study indirectly supports the causality of these associations, although their detailed mechanisms remain largely unclear, and further studies are needed in this regard.
The strengths of this study are its large sample size, the population-based nature of the cohort, the large number of relevant characteristics assessed, and the availability of Abbreviations: CI, confidence interval; CoLaus, Cohorte Lausannoise. a Systolic blood pressure was the dependent variable, and c-glutamyltransferase was the independent variable of interest. Data on c-glutamyltransferase were log-transformed for all analyses. In models including all participants and using multivariable adjustment model 1, the P value for the interaction between age and log-transformed c-glutamyltransferase was <0.0001 for ordinary least squares and 0.055 for 2-stage least squares.
b P value for the difference between ordinary least squares and 2-stage least squares estimates (Durbin-Hausman test). c Adjusted for age, sex, body mass index, smoking, and alcohol consumption. d Adjusted for age, sex, body mass index, alcohol consumption, smoking, C-reactive protein, albumin, aspartate aminotransferase, antihypertensive treatment, lipid-lowering treatment, and total cholesterol. a large number of biomarkers and genetic information on all participants. Nevertheless, the following potential limitations should also be taken into account in interpreting the present results. First, only middle-aged Caucasians were included, and generalizability to other populations remains unclear. Second, because our instrument (rs2017869) was rather weak (i.e., 1.6% of GGT variance explained), Mendelian randomization analyses resulted in wide confidence intervals and low precision. In addition, insulin resistance was estimated only indirectly via fasting insulin levels; however, direct measurements such as those made by euglycemic hyperinsulinemic clamp are hardly feasible in largescale, population-based studies. Finally, the blood pressure measurements showed high intraindividual variability (38), which may have limited our power to reveal a causal GGTblood pressure relation.
Using a Mendelian randomization approach, we found evidence for a direct causal association between GGT and fasting insulin levels. These findings suggest that an association of GGT with the risk of type 2 diabetes mellitus might occur via insulin resistance. Given the role of GGT in glutathione homeostasis, our epidemiologic results are in line with experimental data showing the importance of oxidative stress in the pathogenesis of insulin resistance. If confirmed Abbreviation: CoLaus, Cohorte Lausannoise. a Insulin was the dependent variable, and c-glutamyltransferase was the independent variable of interest. Data on both were log-transformed for all analyses. In models including all participants and using multivariable adjustment model 1, the P value for the interaction between body mass index and log-transformed c-glutamyltransferase was <0.0001 for ordinary least squares and 0.814 for 2-stage least squares.
b P value for the difference between ordinary least squares and 2-stage least squares estimates (Durbin-Hausman test Abbreviations: CoLaus, Cohorte Lausannoise; DBP, diastolic blood pressure; SBP, systolic blood pressure. a For every individual trait, multiplicative interaction tests were conducted using nonstratified multivariable regression models.
b Adjusted for age, sex, body mass index, alcohol consumption, smoking, C-reactive protein, albumin, aspartate aminotransferase, antihypertensive treatment, lipid-lowering treatment, and total cholesterol.
c Adjusted for age, sex, body mass index, alcohol consumption, smoking, percent body fat, uric acid, aspartate aminotransferase, alanine aminotransferase, protein, adiponectin, total cholesterol, high density lipoprotein cholesterol, triglycerides, and lipid-lowering treatment.
d Weight (kg)/height (m)
